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ABSTRACT
The present work advances an algebraic model for predicting the suction line outlet temperature and the mass flow
rate in diabatic capillary tube flows. The proposed solution improved the functionality of an existing model, without
significantly increasing the complexity of its implementation. The approach introduced in this paper assumes the
refrigerant flow in the capillary tube as adiabatic to describe the two-phase temperature profile. By doing so, the
ordinary differential equation governing the energy conservation in the suction line can be solved analytically. The
model predictions for the refrigerant mass flow rate and the temperature difference through the suction line were
compared against 51 experimental data points, showing errors within 10% and 15% bounds, respectively.
Nonetheless, it was observed that the experimental dataset was restricted to the cases where heat transfer takes
place also in the single-phase region of the capillary tube. Therefore, model validation for cases where heat
exchange takes place exclusively in the two-phase region is still to be performed.

1. INTRODUCTION
Capillary tubes have been used as expansion devices in small capacity refrigeration systems for nearly a century. In
order to improve the specific refrigerating effect in the evaporator, avoid compressor slugging, and prevent suction
line condensation, the capillary tube is put in thermal contact with the suction line forming a counter-flow heat
exchanger. Modelling of the refrigerant flow in the so-called capillary tube suction line heat exchangers (CTSLHXs)
has caught the attention of both researchers and engineers, who are interested in predicting complex compressible
fluid flow with phase-change and heat transfer phenomena (Escanes et al., 1994; Chen et al., 2005; GarciaValladares et al., 2007; Hermes et al. 2008; Seixlack et al., 2009; Ablanque et al., 2015).
CTSLHXs models are generally classified as either distributed or lumped. In the former, the capillary tubes are
discretized into control volumes, so that the mass flow rate and the suction line outlet temperature are solved
numerically. The latter rely on simplifying assumptions to reduce the problem to explicit algebraic equations for
predicting the mass flow rate and the suction line outlet temperature. The main advantage of the lumped approach is
its short computational time compared to the distributed one, which makes it suitable not only for “back-of-theenvelope” calculations but also for integration with high-level system simulation tools. However, such an approach
relies on empirical coefficients to compensate for the assumptions required to simplify the mathematical formulation
(Yilmaz and Umal, 1996; Zhang and Ding, 2004; Hermes et al., 2010a, 2010b), thus lacking generality.
In a previous work, Hermes et al. (2010b) assumed a balanced counter-flow heat exchanger (i.e., parallel temperature
profiles) to describe the heat transfer between the capillary tube and the suction line. An empirical type correlation
was used to correct the refrigerant mass flow rate, computed beforehand from a lumped model considering the flow
as adiabatic (Hermes et al. 2010a). However, the assumption may be inaccurate when the heat exchanger is
positioned closer to the capillary tube exit region, where two-phase refrigerant is expanding at higher rates (see
Fig. 1). In
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addition, recent studies of modern refrigerators operating with isobutane have shown that, in several applications,
vapor is drawn into the capillary tube inlet (Boeng and Melo, 2012; Lee et al., 2016; Martinez-Ballester et al., 2017).
In such cases, the entire CTSLHX is located in the two-phase region of the capillary tube. Therefore, the present paper
is aimed at expanding the capabilities of the model proposed by Hermes et al. (2010b) using an improved analytical
solution for calculating the heat transfer between the suction line and the two-phase refrigerant in the capillary tube.

2. MATHEMATICAL MODELING
2.1 Heat Transfer in the Two-Phase Region
In general, the suction line is placed in contact with the single-phase region of the capillary tube, where the heat
transfer effectiveness is higher, as the temperature in the two-phase region rapidly decreases due to refrigerant
expansion. However, the suction line can sometimes extend into the two-phase region of the capillary tube because of
manufacturing constraints. In such cases, the temperature profiles are similar to those depicted in Figure 1.

[K]

L [m]
Figure 1: Temperature profiles of the CTSLHX in the case where the suction line is located entirely in the twophase region.
The energy conservation for an infinitesimal volume of the suction line can be expressed as follows:
𝑚̇𝑐𝑝,𝑆 𝑑𝑇𝑆 = 𝑈𝑑𝐴(𝑇𝐶 − 𝑇𝑆 )

(1)

where 𝑚̇ is the mass flow rate, 𝑐𝑝,𝑆 is the specific heat of vapor in the suction line, 𝑑𝑇𝑆 is the infinitesimal temperature
increment of the suction line, 𝑈 is the overall heat transfer coefficient evaluated locally, and 𝑇𝐶 and 𝑇𝑆 are the capillary
tube and suction line temperatures, respectively. Assuming a constant cross section, the heat transfer area 𝑑𝐴 can be
expressed as 𝑑𝐴 = 𝑃(−𝑑𝐿), where 𝑑𝐿 is the infinitesimal length of the volume, and 𝑃 = 𝜋𝐷𝑆 is the perimeter of the
tube. Rearranging Equation (1) yields the following ordinary differential equation for the suction line temperature,
𝑑𝑇𝑆
= 𝑚(𝑇𝑆 − 𝑇𝐶 )
𝑑𝐿

(2)

where 𝑚 = 𝑈𝑃⁄𝑚̇𝑐𝑝,𝑆 , assumed constant for the entire CTSLHX. For the sake of simplicity, a dimensionless length
𝜁 = 𝐿⁄𝐿𝑡𝑝 was adopted, where 0 is the location of the flashing point and 1 is the capillary tube outlet. Equation (2) is
subjected to the following boundary condition, 𝑇𝑆 (𝜁 = 𝜁0 ) = 𝑇𝑆,𝑖 , where 𝜁0 = 𝐿0 /𝐿𝑡𝑝 is the position of the suction
line inlet taking the capillary tube outlet as the referential.
In order to obtain an explicit solution for Equation (2), an expression for the capillary tube temperature profile, 𝑇𝐶 , is
needed. It should be noted that the temperature profile in the capillary tube two-phase region is governed by the
pressure drop and the heat transfer. The effect of the pressure drop is straightforward, as the saturation temperature is
set by the vapor pressure. The heat transfer, on the other hand, plays an indirect role, as it reduces the vapor quality
18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021
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along the heat exchanger length, thus increasing the mass flux and, therefore, the pressure drop. In this work, it has
been hypothesized that the effect of heat transfer is overruled by the pressure drop, so that the temperature profile in
the two-phase region is independent of whether the capillary tube is adiabatic or not. Following the assumption of
adiabatic flow, Yilmaz and Unal (1996) proposed the following expression for the length of the two-phase region in
capillary tubes,
𝐿𝑡𝑝 =

2𝐷𝐶 𝑝𝑓 − 𝑝𝑒 𝑏
𝑎𝑝𝑒 + 𝑏
𝑣𝑒
[
+ 2 ln (
) − 𝐺 2 ln ( )]
2
𝑓𝑡𝑝 𝐺
𝑎
𝑎
𝑎𝑝𝑓 + 𝑏
𝑣𝑓

(3)

where 𝑎 = 𝑣𝑓 (1 − 𝑘), 𝑏 = 𝑣𝑓 𝑝𝑓 𝑘 and 𝑘 = 1.63 ⋅ 105 𝑝𝑓0.72 (Zhang and Ding 2004). In addition to returning the twophase length, Equation (3) can also provide intermediate lengths 𝐿 by replacing 𝑝𝑒 by the saturated pressure 𝑝𝑠𝑎𝑡
calculated from the Antoine equation, as follows:
𝑙𝑜𝑔(𝑝𝑠𝑎𝑡 ) = 𝐴 −

𝐵
𝑇𝐶 + 𝐶

(4)

where, for isobutane, 𝐴 = 4.00272, 𝐵 = 947.54, 𝐶 = 248.87 (Poling, 2001), with the pressure in [bar] and the
temperature in [°C]. Combining Equation (3) and Equation (4) yields an expression for the temperature profile in the
capillary tube as a function of the two-phase length from the flash point, 𝑇𝐶 (𝜁), which can be inserted into Equation
(2) to obtain 𝑇𝑆 (𝜁). However, since the temperature cannot be expressed explicitly, integration of Equation (2) cannot
be performed analytically. An alternative solution was found by fitting a dimensionless capillary tube temperature as
a function of 𝜁, as follows:
𝜃(𝜁) =

𝑇𝐶 (𝜁) − 𝑇𝑒
= 𝜃0 + 𝜃1 𝜁 + 𝜃2 𝜁 2 + 𝜃3 𝜁 3 + 𝜃4 𝜁 4
𝑇𝑓 − 𝑇𝑒

(5)

where 𝜃 is the dimensionless capillary tube temperature, 𝜃0 = 1.06 − 8.87 ∙ 10−5 𝐺 + 2.60 ∙ 10−8 𝐺 2 , 𝜃1 = 0.0195,
𝜃2 = −1.04, 𝜃3 = 2.08, 𝜃4 = −1.65, 𝐺 = (4𝑚̇⁄𝜋𝐷𝐶2 ) is the refrigerant mass flux, 𝑇𝑓 is the temperature of the flashpoint, and 𝑇𝑒 is determined from the saturation temperature corresponding to the pressure at the capillary exit, 𝑝𝑒 =
𝑚𝑎𝑥|𝑝𝑒𝑣𝑎𝑝 , 𝑝𝑠𝑜𝑛𝑖𝑐 |, where 𝑝𝑠𝑜𝑛𝑖𝑐 = 𝐺√𝑏 . Figure 2 shows several temperature profiles for different flashing
temperatures and mass fluxes, according to Equation (3), along with the corresponding temperature profiles obtained
from the polynomial fit (Equation 5).
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Figure 2: Capillary tube temperature profiles in the two-phase region and corresponding polynomial fits.
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Due to the large gradients towards the capillary tube outlet, the proposed polynomial fit worsens significantly if fitted
on the whole domain. To overcome this, the polynomial was only fitted using the first 80% of the two-phase
temperature profile. This means that the solution will not be accurate if the suction line is extended to the very end of
the capillary tube – a situation not likely to take place in practice. Regardless, the capillary tube temperature profile
obtained from Equation (5) is used only for integrating Equation (2), yielding
𝑇𝑆 (𝜁) = 𝑇𝑆,𝑖 𝑒 𝑛(𝜁−𝜁0) + 𝑛−4 [(𝛼 + 𝛽)(1 − 𝑒 𝑛(𝜁−𝜁0) )]

(6)

where 𝑛 = 𝑚𝐿𝑡𝑝 , and 𝛼 and 𝛽 are the following functions of 𝑛 and 𝜁:
𝛼 = 𝛼0 𝑛4 + 𝛼1 𝑛3 + 2𝛼2 𝑛2 + 6𝛼3 𝑛 + 24𝛼4

(7)

𝛽 = (𝛼1 𝑛4 + 2𝛼2 𝑛3 + 6𝛼3 𝑛2 + 24𝛼4 𝑛)𝜁 + (𝛼2 𝑛4 + 3𝛼3 𝑛2 + 12𝛼4 𝑛2 )𝜁 2
+ (𝛼3 𝑛4 + 4𝛼4 𝑛3 )𝜁 3 + (𝛼4 𝑛4 )𝜁 4

(8)

where 𝛼0 = 𝑇𝑒 + 𝜃0 (𝑇𝑓 − 𝑇𝑒 ) and 𝛼1...4 = 𝜃1…4 (𝑇𝑓 − 𝑇𝑒 ).

2.2 Heat Transfer in the Single-Phase Region
Figure 3 shows the temperature profiles of the capillary tube and suction line for single-phase only (b), and combined
single/two-phase heat transfer (a). In such cases, the effectiveness method was adopted to calculate the heat transfer
rate in the single-phase region, so that
𝑄̇ = 𝐶𝑐 (𝑇𝐶,𝑖 − 𝑇𝑓 ) = 𝐶𝑠 (𝑇𝑆,𝑜 − 𝑇𝑆,𝑖 )=𝜀𝐶𝑚𝑖𝑛 (𝑇𝐶,𝑖𝑛 − 𝑇𝑆,𝑖 )

(9)

where
𝜀=

1−𝑒

𝑈𝐴
−
(1−𝐶𝑟 )
𝐶𝑚𝑖𝑛

1 − 𝐶𝑟 𝑒

−

(10)

𝑈𝐴
(1−𝐶𝑟 )
𝐶𝑚𝑖𝑛

and 𝐶𝑟 = 𝐶𝑚𝑖𝑛 /𝐶𝑚𝑎𝑥 . In the case of combined single/two-phase heat transfer, 𝑇𝑆,𝑖𝑛 in Equation (9) is considered to be
the temperature of the suction line at the flashing point 𝑇𝑆,𝑓 .
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Figure 3: (a) the suction line heat exchanger is located in both the single- and two-phase region, and (b) the suction
line heat exchanger is located entirely in the single-phase region.
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2.3 Refrigerant Mass Flow Rate
The mass flow rate 𝑚̇ through the capillary tube is determined from the following expression (introduced by Hermes
et al., 2010a), considering the capillary tube flow as adiabatic:
𝐷𝐶5 𝑝𝑖 − 𝑝𝑓 𝑝𝑓 − 𝑝𝑒 𝑏
𝑎𝑝𝑒 + 𝑏
𝑚̇ = 𝜙√ [
+
+ 2 ln (
)]
𝐿𝐶
𝑣𝑓
𝑎
𝑎
𝑎𝑝𝑓 + 𝑏

(11)

where 𝜙 = 6 and is associated with the friction factor (see Hermes et al., 2010b). Additionally, an empirical type
diabatic multiplier λ is adopted to account for the changes in the fluid dynamics caused by heat transfer (Hermes et
al., 2010b), as follows:
𝜆=

𝑚̇
𝑚̇𝐸𝑞.(11)

𝑣𝑓 𝜇𝑓 𝑐3
𝐿𝑆 𝑐1 𝐷𝑆 𝑐2
= 𝑐0 ( ) ( ) 𝜀 𝑐3 (
)
𝐿𝐶
𝐷𝐶
𝑣𝑒 𝜇𝑒

(12)

where 𝑐0 = 1.1031, 𝑐 = 0.1897, 𝑐2 = −0.3525, 𝑐 = −0.3630, and 𝑐4 = −0.2603 for concentric arrangements, and
𝑐0 = 1.1126 , 𝑐1 = 0.1813 , 𝑐2 = −0.3282 , 𝑐3 = −0.3667 , and 𝑐4 = −0.2869 for lateral arrangements. The
coefficients in Equation (12) were obtained by fitting the results to experimental data of Boeng et al. (2020) and
Hermes et al. (2010b). The thermodynamic properties are determined at the flashing point and at the capillary tube
exit conditions. The enthalpy at the capillary tube outlet was calculated from
ℎ𝐶,𝑜 = ℎ𝐶,𝑖 − 𝜀𝑐𝑝,𝑆 (𝑇𝐶,𝑖 − 𝑇𝑆,𝑖 )

(13)

2.4 Closing Equations
The friction factors are obtained from Churchill’s correlation (1977). The two-phase viscosity required to calculate
the Reynolds number is determined as follows (Hermes et al., 2010a):
7/8

𝜇𝑡𝑝 8 1 − (𝑝𝑒 /𝑝𝑓 )
= [
𝜇𝑓
7
1 − 𝑝𝑒 /𝑝𝑓

]

(14)

The thermal resistance between the capillary tube and suction line is assumed to be governed only by the convective
heat transfer resistance in the suction line (Hermes et al., 2010b), as follows:
1
1
≈
𝑈𝐴 ℎ𝑆 𝐴𝜂𝑓𝑖𝑛

(15)

where 𝑈 is the overall heat transfer coefficient, 𝐴 = 𝜋𝐷𝑆 𝐿𝑠 is the heat transfer area, ℎ𝑠 is the heat transfer coefficient
in the suction line, and 𝜂𝑓𝑖𝑛 is the fin efficiency calculated from:
𝜂𝑓𝑖𝑛 =

tanh(𝜓𝐿𝑓𝑖𝑛 )
𝜓𝐿𝑓𝑖𝑛

(16)

where 𝜓 = √2ℎ𝑆 ⁄𝑘𝐶𝑢 𝑡𝑆 and 𝐿𝑓𝑖𝑛 = (𝜋𝐷𝑆 + 𝑡𝑆 )⁄2. The suction line heat transfer coefficient is determined from:
ℎ𝑆 =

𝑘𝑆
1/3
(𝑅𝑒𝑠𝜔 𝑃𝑟𝑠 )
𝐷

(17)

which has been calibrated to experimental data points from Boeng et al. (2020) and Hermes et al. (2010b) so that 𝜔 =
0.360 for concentric, and 𝜔 = 0.405 for lateral arrangements. The characteristic length, 𝐷, is the suction line inner
diameter for lateral arrangements, and the capillary tube outer diameter for concentric arrangements. All
thermodynamic properties are determined from the Coolprop library (Bell et al., 2014).
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3. SOLUTION SCHEME
In the case of a heat transfer between the capillary tube and suction line located entirely in the two-phase region, an
analytical solution can be obtained if the flow is not choked. Otherwise, an iterative procedure is required, as Equation
(11) becomes implicit. In the case of a combined single- and two-phase heat transfer in the CTSLHX, the equation set
cannot be solved explicitly, and an iterative procedure is required regardless of whether the flow is choked or not. For
all three cases the solution algorithm starts by assuming that 𝑇𝑓 = 𝑇𝐶,𝑖 , and then proceeds to:
1)
2)
3)
4)

calculate the mass flow rate from Eq. (11);
determine if the capillary tube flow is choked;
determine the two-phase length from Eq. (3) and the single-phase length from 𝐿𝑠𝑝 = 𝐿𝐶 − 𝐿𝑡𝑝 ;
evaluate the outlet enthalpy, the transport properties of the suction line and capillary tube, and two-phase
friction factor in the capillary tube;

Based on the position of the flashing point with respect to the suction line, the algorithm then decides whether the case
is single- (Fig. 3b) or two-phase only (Fig. 1), or a combination both (Fig. 3a). It then proceeds to determine:
5) the overall heat transfer coefficient (U) and the number of transfer units (n);
6) the suction line temperature at the position where flashing occurs in the capillary tube:
for a combined case 𝑇𝑆,𝑓 = 𝑇𝑆,𝐸𝑞.(6) (𝜁 = 0) (see Fig. 3a);
for a single-phase only case 𝑇𝑆,𝑓 = 𝑇𝑆,𝑖 (see Fig 3b);
7) Next, the suction line outlet temperature is obtained from 𝑇𝑆,𝑜 = 𝜀𝐶𝑚𝑖𝑛 (𝑇𝐶,𝑖𝑛 − 𝑇𝑆,𝑓 )⁄𝐶𝑠 + 𝑇𝑆,𝑓 ; (in case of a
two-phase only solution, the suction line outlet temperature is obtained directly from Equation 6).
8) A new estimate of the flashing temperature is then obtained from 𝑇𝑓 = 𝑇𝐶,𝑖𝑛 − 𝐶𝑆 (𝑇𝑆,𝑜 − 𝑇𝑆,𝑓 )⁄𝐶𝐶 ; (this step
is skipped if the solution is two-phase only)
9) If the change in the mass flow rate and flashing temperature is lower than the tolerance level, the algorithm
stops. Otherwise, returns to step 1.

4. RESULTS
Figure 4 shows a solution of the capillary tube suction line heat exchange for an arbitrary test case running with R600a,
where the suction line is located entirely in the two-phase region of the capillary tube. The results are plotted for
different values of the number of transfer units 𝑛 considering a flashing temperature of 40 °C, a mass flow rate of 1.8
kg/h, and a suction line inlet temperature of 3.4°C. The internal capillary tube and suction line diameters are 0.75 mm
and 6.0 mm, respectively, and the two-phase length is equal to 1.07 m. One can see that the polynomial fit (Equation
5) accurately describes the adiabatic capillary tube temperature profile in the region where heat exchange with the
suction line is taking place. This shows that limiting the polynomial fit to the first 80% of the two-phase region does
not compromise the solution, unless the suction line is extended towards the very end of the capillary tube.
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Figure 4: Capillary tube and suction line temperature profiles for different values of n
Similarly, Figure 5 shows the profiles in the case of a combined single/two-phase heat exchange. In the two-phase
region, the suction line temperature profile is calculated from Equation (6), whereas in the single-phase region
Equation (9) is adopted. It is evident that the model can now distinguish between situations where the capillary tube
and suction line temperature profiles can be assumed as parallel, and situations where it is necessary to consider the
temperature profiles as non-linear. The model was then compared against 51 measured mass flow rates and suction
line temperature differences (outlet minus inlet) using isobutane (R-600a) as the refrigerant. The measurements were
obtained from Boeng et al. (2020) and Hermes et al. (2010b). Both lateral and concentric CTSLHX arrangements
were compared, although it should be noted that the concentric arrangements are no longer used in modern
refrigerators. The model was able to determine 82% of all mass flow rates (see Figure 6) and 84% of all suction line
temperature differences (see Figure 7) within a ±10% error band. Similarly, it determined 88% of all mass flow rates,
and 98% of all suction line temperature differences within ±15% error bounds. However, none of the experimental
points returned an entirely two-phase heat transfer scenario.
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Figure 7: Calculated vs. experimental suction line temperature differences in a ±10% and ±15% error margin.

5. CONCLUSIONS
Simplified CTSLHX models require new approaches for calculating the heat transfer in the two-phase region of the
capillary tube. Therefore, the model presented by Hermes et al. (2010b) was upgraded with an analytical solution of
the CTSLHX heat exchange in the two-phase region, thereby increasing the functionality without significantly
penalizing the its complexity. By assuming that the two-phase refrigerant flow in the capillary tube behaves as
adiabatic, despite heat transfer to the suction line, an expression for the capillary tube temperature profile could be
obtained from a polynomial fit. This expression was then inserted into the differential equation describing the energy
balance in the suction line, which was then integrated algebraically to obtain an algebraic solution of the suction line
temperature profile. An iterative algorithm was implemented to couple this methodology with the effectiveness
method for cases where heat transfer also takes place in the single-phase region. The model was compared to 51
experimental points using isobutane as the refrigerant, considering both concentric and lateral configurations. It was
able to determine 82% to 88% of all mass flow rates, and 84% to 98% of all suction line inlet-outlet temperature
differences within ±10% to ±15% error bounds, respectively. However, the experimental points constituted cases
where heat transfer occurred also in the single-phase area. Therefore, additional experimental points where heat
transfer takes place exclusively in the two-phase region are required to fully validating the model.
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NOMENCLATURE
A
C
cp
D
f
G
h
k
L
ṁ
n
P
p
Pr
Q̇
Re
t
T
U
v

surface/area
(m2)
capacity
(W/K)
specific heat
(J/kgK)
diameter
(m)
Darcy’s friction factor
(-)
mass flux
(kg/sm2)
enthalpy/heat transfer coeff.
(J/kg) or (W/m2K)
thermal conductivity
(W/mK)
length
(m)
mass flow rate
(kg/s)
number of transfer units
(-)
perimeter
(m)
pressure
(Pa)
Prandtl number
(-)
heat flow rate
(W)
Reynolds number
(-)
fin (suction line) thickness
(m)
temperature
(K)
overall heat transfer coefficient (W/m2K)
specific volume
(m3/kg)

Greek symbols
α, β
ε
ζ
η
θ
λ
μ

polynomial functions
heat transfer effectiveness
relative length
fin efficiency
dimensionless temperature
diabatic multiplier
dynamic viscosity

Subscripts
0
C
Cu
e
evap
f
fin
i
max
min
o
S
sat
sonic
sp
tp

start/inlet
capillary tube
copper
evaporating
evaporating
flashing
fin
inner/in
maximal
minimal
outer/out
suction line
saturated
sonic
single-phase
two-phase

(-)
(-)
(-)
(-)
(-)
(-)
(Pas)
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